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Abstract. We present a theoretical study on the robustness of multi-
photon states in a frustrated lattice of coupled nonlinear optical cavi-
ties, which are described by a driven-dissipative Bose-Hubbard model.
In particular, we focus here on a Lieb lattice with two elementary cells
and periodic boundary conditions. Due to the geometric frustration of
the lattice, the non-equilibrium steady state can exhibit dark sites with
low photon density and strong correlations, ascribable to the popula-
tion of multi-photon modes. We explore the sensitivity of such strong
correlations on the random inhomogeneity of the lattice parameters.
We show that the correlations are more sensitive to the inhomogeneity
of the cavity frequencies than to the random fluctuations of the hopping
strength.
1 Introduction
Since several years, it is possible to study quantum many-body systems on lattice
geometries using ultracold gases, confined in periodic potential formed by standing
waves of laser light [1]. Despite the diluteness of the particles in these systems, strongly
correlated states may arise due to the interplay between the delocalization of the
atoms over the lattice and their mutual interaction [2].
In presence of a geometric frustration of the lattice, the energy spectrum may
display non-dispersive flat bands, corresponding to states localized within a finite
volume of the lattice. Flat energy bands occur in a large variety of systems, from
graphene [3] to quantum magnets [4] and unconventional supercondutors [5], and they
lead to the emergence of nontrivial correlated structures, for example in the context of
spin ice [6,7], quantum Hall systems [8,9,10,11,12,13] and Josephson junctions [14,15].
In the context of ultracold atoms, the problem of condensation in flat bands has
been extensively studied from the theoretical point of view [16,17,18,19], but its ex-
perimental investigation still presents important drawbacks. Although the high degree
of control in the manipulation of the confining optical potential has allowed to load
quantum gases in frustrated lattices [20,21,22,23,24,25,26,27], it is not easy to access
a e-mail: riccardo.rota@univ-paris-diderot.fr
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2the flat bands since these typically appear at energies far above the ground-state
[28,29].
An alternative approach is to consider photons propagating in arrays of coupled
nonlinear cavities, experimentally realizable with semiconductor micropillars [30,31]
or superconducting circuits at microwave frequencies [32,33]. In regimes of strong
coupling between light and matter, the photons hybridize with the exciton modes of
the nonlinear media, giving rise to the so-called polaritons. The mixed light-matter
nature of these quasi-particles allows for relevant scattering channels for the photons
and yields an effective interaction among them, similar to that of ultracold atoms in
quantum gases [34].
An important aspect of the photonic systems, which represent a crucial difference
with respect to atomic gases, is related to their nonequilibrium nature. Due to the
finite transmittance of the mirrors of optical cavities, these systems are unavoidably
subjected to photon losses. Therefore, a continuous drive has to be applied to the
cavity in order to inject photons and reach a non-trivial steady state. This feature,
nevertheless, allows for the advantageous possibility to engineer the coupling with the
environment and to drive the system to a steady state of interest [35].
In this paper, we study a simple driven-dissipative photonic system made up of
six coupled optical cavities, arranged with the same geometry of a 1D Lieb lattice
with two unit cells and periodic boundary conditions (see Figure 1-(a)). Experimental
realizations of extended Lieb lattices have been realized both with photonic systems
[36,37,38,39] and ultracold gases [29], showing the emergence of the localized states
associated to the flat bands. Furthermore, theoretical studies of driven-dissipative
Lieb lattices have shown that incompressible states with short-range crystalline order
can arise in photonic systems with large nonlinearity (i.e. a strong effective photon-
photon interaction)[40].
In a recent work [41], it has been shown that, even in regimes of small nonlineari-
ties, it is possible to create strongly correlated photonic modes and to probe them at
the dark sites of the frustrated lattice, where the mean photon population is largely
reduced due to interference effects. Here, we want to study the behavior of these
correlated states when the lattice presents a certain amount of disorder, focusing on
a simple 1D Lieb lattice made of two unit cells. The moderate size of this system
allow us to tackle the problem using a rather simple algorithm, based on an efficient
truncation scheme of the correlation functions at high order [42]. The results obtained
show that correlations tends to disappear when the inhomogeneity on the cavity fre-
quencies increases, while the correlated states are particularly robust in presence of
disorder in the hopping between the cavities.
The paper is organized as follows: in sec. 2 we discuss the theoretical framework
describing the quantum system and the numerical method used; in sec. 3 we presents
our results and in sec. 4 we draw our conclusions.
2 Theoretical model
The properties of interacting photons in cavity lattices can be accurately described in
terms of a driven-dissipative Bose-Hubbard model. For the particular lattice in Fig.
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Fig. 1. (a) Sketch of the driven-dissipative lattice studied in this work. The coherent driving
is applied only to the c-sites. (b) Single-particle energy level structure for the closed non-
interacting system. The levels are organized in two columns, according to the value of the
wave-vector k of their relative eigenstate.
1-(a), one can consider the Hamiltonian (h¯ = 1 in the following):
Hˆ =
∑
i=1,2
s∈{a,b,c}
(
ωcsˆ
†
i sˆi +
U
2
sˆ†i sˆ
†
i sˆisˆi
)
− J
2∑
i=1
(
aˆ†i bˆi + bˆ
†
i cˆi + aˆ
†
i bˆ3−i + h.c.
)
+
2∑
i=1
(
Fe−iωptcˆ†i + F
∗eiωptcˆi
)
. (1)
The operators {aˆi, bˆi, cˆi}i=1,2 are the annihilation operators for photons on the dif-
ferent sites. The first term describes the on-site part with the resonator frequency ωc
and a photon-photon interaction strength U . The second terms represents the hop-
ping between different sites, J being the corresponding coupling. Finally, the last line
represents a coherent drive on the c-sites, with amplitude F and frequency ωp.
For the case of the closed non-interacting system (F = 0, U = 0), the Hamilto-
nian in Eq. 1 can be diagonalized in reciprocal space, through the definition of the
annihilation operators of the k-modes: sˆk = 1/
√
2
∑2
j=1 e
ikj sˆj , where k can assume
only the two values k = 0 and k = pi. The single-particle energy spectrum contains
six eigenstates (three for k = 0 and three for k = pi, see Fig. 1-(b)). A flat band at
energy E = ωc can be seen and the two eigenstates corresponding to it are
|Ψ (k=0)FB 〉 =
1√
10
(|1, 0, 0, 0, 0, 0〉 − 2|0, 0, 1, 0, 0, 0〉+ |0, 0, 0, 1, 0, 0〉 − 2|0, 0, 0, 0, 0, 1〉)
|Ψ (k=pi)FB 〉 =
1√
2
(|1, 0, 0, 0, 0, 0〉 − |0, 0, 0, 1, 0, 0〉) , (2)
where we used the Fock basis representation |na1 , nb1 , nc1 , na2 , nb2 , nc2〉, with ns the
number of photons on the s-site. It is easy to notice that the states corresponding to
the flat band have zero occupancy on the sites b1 and b2, which are denoted as dark
sites.
4The driven-dissipative dynamics is described by the Lindblad master equation for
the time evolution of the density matrix ρˆ(t), given by:
∂ρˆ
∂t
= i
[
ρˆ, Hˆ
]
+
γ
2
∑
i,s
(
2sˆiρˆsˆ
†
i − sˆ†i sˆiρˆ− ρˆsˆ†i sˆi
)
, (3)
where γ is the cavity loss-rate. The steady-state properties of the system are deter-
mined by solving the master equation for ∂ρˆ∂t = 0. For sake of simplicity, we consider
a reference frame rotating with the frequency of the pump ωp. By performing this
change of the reference frame, the Hamiltonian becomes time-independent and the
relevant parameter is the detuning between the pump and the cavity frequencies,
namely ∆ = ωp − ωc.
In order to perform the numerical integration of the master equation Eq. (3), the
full Hilbert space, with an infinite dimension, has to be truncated. Many standard
truncation schemes rely on a cutoff on the number of photons per site which results in
a complexity that grows exponentially with the number of sites. They quickly become
inefficient for lattices of moderate size, like the one we are considering in the present
work.
Instead we use a numerical approach based on a global truncation scheme at the
level of the correlation functions [42]. From the master Eq. (3) we find the equations
of motion for the correlation functions C = 〈∏i,s sˆ†ni,si sˆmi,si 〉, with {ni,s} and {mi,s}
non-negative integer numbers:
∂C
∂t
=
∑
i,s
(
−i∆ (ni,s −mi,s) + γ
2
(ni,s +mi,s)
)
C
+ i
U
2
∑
i,s
([ni,s (ni,s − 1)−mi,s (mi,s − 1)])C + iU
∑
i,s
(ni,s −mi,s)C| ni,s+
mi,s+
− iJ
∑
<(i,s),(j,r)>
(
ni,sC|nj,r+
ni,s−
−mi,sC|mj,r+
mi,s−
+nj,rC| ni,s+
nj,r−
−mj,rC|mi,s+
mj,r−
)
+ i
∑
i
(
ni,cF
∗C|ni,c−−mi,cFC|mi,c−
)
, (4)
where we used the following notation:
C|ni,s± = 〈sˆ†(ni,s±1)i sˆmi,si
∏
(k,t)6=(i,s)
tˆ
†nk,t
k tˆ
mk,t
k 〉 ,
C|nj,r±
ni,s±
= 〈rˆ†(nj,r±1)j rˆmj,rj sˆ†(ni,s±1)i sˆmi,si
∏
(k,t)6=(j,r)
(k,t) 6=(i,s)
tˆ
†nk,t
k tˆ
mk,t
k 〉 , (5)
with the indices i, j, k ∈ {1, 2} denoting the unit cell of the lattice and the indices
r, s, t ∈ {a, b, c} denoting the site. In the definition of the correlation function C|ni,s±,
the product runs over all the sites of the lattice except the site (i, s); similarly, in the
definition of the correlation function C|nj,r±
ni,s±
, the product runs over all the sites
different from (i, s) and (j, r).
The notation < (i, s), (j, r) > in (4) denotes that the sum runs over all the sites
(i, s) and (j, r) that are coupled through the hopping terms in the Hamiltonian (1).
Since the Hamiltonian (1) is nonlinear this leads to an infinite hierarchy of coupled
equations for the correlation functions, in which the solution for a given C depends
on the solution for other correlation functions at different order. In order to proceed
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Fig. 2. Total photon density ntot (black dashed line) and mean photon density nb on the
b-sites (solid blue line) as a function of the detuning ∆ (in units of γ), for U = 0.1γ, J = 3γ
and F = 0.5γ. The results for nb obtained with the Gross-Pitaevskii approximation is also
shown (red dash-dotted line).
we have to introduce a truncation scheme, which reduces the infinite hierarchy to a
finite set of equations that can be solved numerically. The simplest possibility corre-
sponds to setting all correlation functions equal to zero of which the correlation order
max(
∑
mi,s,
∑
ni,s) is larger than a cutoff value Nc. This is also known as a global
’hard’ cutoff and corresponds to an expansion around the vacuum [42]. Convergence
of the results is then verified by increasing the value of the cutoff Nc. Considering
the moderate size of the lattice we want to study, this approach is ideally suited be-
cause of its easy implementation and the low computational effort demanded in the
calculations.
The reliability of this approach has been also verified by comparing the results for
a chosen set of parameters with those obtained with the corner-space renormalization
method [43]. This method provides a wise procedure to select the relevant subspace
(i.e. the corner) of the Hilbert space of an extended driven-dissipative lattice, where
the full Master Equation for the density matrix (Eq. 3) can be solved. The states
spanning the corner are determined through an iterative procedure, using eigenvectors
of the steady-state density matrix of smaller lattice systems, merging in real space
two lattices at each iteration and selecting a bipartite basis of product states by
maximizing their joint probability. Increasing the dimension of the corner space, one
recovers more and more accurate results for the steady-state density matrix, until
convergence within the desired accuracy is reached. This possibility allows thus to
keep easily under control the errors due to the particular choice of the corner and
makes the corner-space renormalization method a good reference to test the results
for the correlation functions obtained within the truncation method proposed in Ref.
[42].
3 Results
We start our discussion considering the photon density on the lattice obtained at the
steady state. In Fig. 2 we plot the total density on the whole lattice ntot =
〈∑
i,s sˆ
†
i sˆi
〉
and the mean density at the b-sites nb =
〈
bˆ†1bˆ1
〉
=
〈
bˆ†2bˆ2
〉
as a function of the
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Fig. 3. On-site (solid red line) and non-local (blue dashed line) second order correlation
function, as a function of the system parameters (in units of the loss rate γ), namely (a)
the detuning ∆, (b) the driving amplitude F , (c) the hopping term J , and (d) the on-site
photon-photon interaction U . While not varied, the fixed parameters are ∆ = 0, U = 0.1γ,
J = 3γ and F = 0.5γ.
detuning ∆. For the total density ntot we can clearly see three peaks, for ∆ = ±
√
5J
and ∆ = 0. At these values, the driving is at resonance with the single-particle
modes at k = 0 (see fig. 1-(b)) and injects a large number of photon in the lattice.
The density nb shows instead a different behavior: it presents two large peaks for
∆ = ±√5J , as the driving is at resonance with the states of the dispersive bands.
For ∆ = 0, the density nb is orders of magnitude smaller than the total density
on the lattice, indicating that in this regime the b-sites are dark with respect to
the total density. Furthermore, around ∆ = 0, there is a small peak in the dark
site density which is attributed to the presence of correlated photons. Indeed, this
feature is not present for the linear system (with U = 0) and it is not captured by
the semiclassical Gross-Pitaevskii prediction (red dash-dotted line in Fig. 2) which
neglects all correlations.
The hypothesis of the presence of strongly correlated photons at the dark sites
is supported by the behavior of the second order correlation functions on the dark
sites: g
(2)
i,j =
〈
bˆ†i bˆ
†
j bˆj bˆi
〉
/n2b . The results for the on-site (i = j) and the non-local
(i 6= j) correlation functions g(2)i,j are shown in Fig. 3, as a function of the different
system parameters. They unambiguously show a deviation from the Gross-Pitaevskii
prediction g
(2)
1,1 = g
(2)
1,2 = 1. The qualitative behavior of these correlation functions is
similar to that obtained for the small system of three coupled cavities and for the
extended Lieb lattice [41]. Fig. 3-(a) shows the g(2) as a function of the detuning:
it reaches its maximum value for ∆ ' 0, where the population of dark sites due
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Fig. 4. Energy spectrum of the two-photon eigenstates of the closed system. Panel (a):
energy level structure of the two-photon states for U = 0.1γ. The gray stripe highlights
the energy range close to E(2) = 2ωc (i.e. 2(ωc − U) < E(2) < 2(ωc + U)). The red lines
indicates the levels corresponding to the two states in Eq. (6-7). Panel (b): energy of the five
two-particle states on resonance for zero detuning in the limit of small non-linearity (each
symbol corresponds to a different state), as a function of the nonlinearity U (in units of the
hopping strength J).
to the uncorrelated coherent states is at minimum, while the correlated states play
an important role. Interestingly, we notice that both the on-site and the non-local
correlation functions are not symmetric around ∆ = 0 and their maximum is reached
for a non-zero value of the detuning. These effects are due to the presence of the
non-linearity which shifts the energy levels corresponding to the correlated states
responsible for the large values of g(2) (see also Fig. 4-(a) ). Fig. 3-(b) shows that
correlations decreases as the pump intensity F increases: indeed, as the driving term
becomes dominant in the Hamiltonian, the system tends to a coherent state. Fig. 3-(c)
reveals that the correlated states become more important as the hopping parameter J
is increased. Indeed, as J gets larger, the energy separation between the flat and the
dispersive bands increases, so that the contribution of the resonances at ∆ = ±√5J
to the density of the dark sites gets smaller and smaller. Finally, fig. 3-(d) shows the
dependence of g(2) on the nonlinearity U . In the regime of a linear system (U = 0),
the laser drive pumps into the lattice coherent photons, for which g
(2)
i,i = g
(2)
i,j = 1. In
the opposite limit of a large non-linearity, anti-bunching effects due to the increasing
repulsion among the photons tend to decrease their mutual correlations (notice that
in the hard-core limit U → ∞, g(2)i,i → 0). The strongly correlated states studied in
this work, therefore, play a relevant role in the intermediate regime of small non-
linearities, as indicated by the maximum value of the correlation functions which
appears around U/γ ' 0.2.
In order to give a better insight about these correlated states, we study the spec-
trum of the two-photon eigenstates of the closed system, without driving and dissi-
pation. From the diagonalization of the Hamiltonian in Eq. (1) with F = 0, we find
21 two-photon resonances of which the eigenenergies E(2) are presented in Fig 4-(a)
for a fixed value of the non-linearity (U = 0.1γ). When a laser pump with frequency
ωp = ωc (i.e. in the regime of detuning ∆ = 0) is applied to the lattice, this will tend
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Fig. 5. Dependence of the on-site (a) and non-local (b) second order correlation function
as a function of the disorder strength (in units of the loss rate γ). The different symbols
represent the results with disorder on the cavity frequency ωc (red circles) and with disorder
on the hopping term J (blue squares).
to populate those states with energy close to the resonance E(2) = 2ωc = 2ωp. We
notice that, in the limit of small non-linearities, there are 5 two-photon states which
satisfy the condition limU→0E(2) = 2ωc (see Fig. 4-(b)). In particular, we focus our
attention on two of them, i.e. the eigenstates corresponding to the energies E = 2ωc
and E = 2ωc+U . Written in the Fock basis representation |na1 , nb1 , nc1 , na2 , nb2 , nc2〉,
these states are respectively:
|Ψ1〉 = 1√6 (|2, 0, 0, 0, 0, 0〉 − |0, 2, 0, 0, 0, 0〉+ |0, 0, 2, 0, 0, 0〉
+ |0, 0, 0, 2, 0, 0〉 − |0, 0, 0, 0, 2, 0〉+ |0, 0, 0, 0, 0, 2〉) (6)
|Ψ2〉 = 1√3 (|1, 0, 0, 1, 0, 0〉 − |0, 1, 0, 0, 1, 0〉+ |0, 0, 1, 0, 0, 1〉) (7)
It is clear that |Ψ1〉 contains a non-zero amplitude for a double occupancy of the
dark-sites, while |Ψ2〉 contains a non-zero amplitude for having one photon on each of
the two b-sites. This shows that an occupation of these states is expected to have a
large influence on the second order correlation functions on the dark sites, as indeed
observed in Fig. 3. Therefore, we expect that these states contribute to the anomalous
peak around ∆ = 0 in the dark site density.
An important aspect that need to be understood is the effect of disorder on the
multi-photon states, which is particularly relevant since quantum systems displaying
flat energy bands are expected to be particularly sensitive to small perturbations.
To perform this analysis, we solve the Master equation (Eq. 3) using a modified
Hamiltonian, obtained by assuming that every cavity s has a different frequency
ωc,s = ωc + Wξs, where ξs are random numbers homogeneously distributed in the
interval
[− 12 , 12] and W is a parameter denoting the strength of the disorder. In fig. 5,
we show the dependence of both the on-site (Fig. 5-(a)) and the non-local correlation
function (Fig. 5-(b)) as a function of the disorder strength W : the results are obtained
by averaging over 200 different realizations of the disorder, obtained by changing the
set of the random numbers ξs. The decreasing of g
(2)
i,j as a function of W , both for
i = j and i 6= j, indicates that local disorder has a detrimental effect on the strong
correlations displayed at dark sites. We have also analyzed the effect of hopping
disorder by considering different coupling between the cavities. More precisely, we
9modify the Hamiltonian of the lattice by writing the hopping strength between cavities
s and t as Js,t = J + Wξs,t and we calculate the second-order correlation functions
as a function of the disorder parameter W (as in the previous case, the quantities ξs,t
are random numbers homogeneously distributed in the interval
[− 12 , 12]). The results
obtained are also displayed in fig. 5: they show that, contrarily to the disorder on the
cavity frequencies, the hopping disorder hardly affects the strong correlations among
photons.
4 Conclusions
We have studied the driven-dissipative physics of a frustrated lattice composed of
six coupled photonic cavities, which has the same geometry as the 1D Lieb lattice.
The single-particle energy spectrum of this lattice displays a flat band associated to
localized states having dark sites with zero photon occupation.
Using an innovative truncation method of the infinite Hilbert space of the quan-
tum system, which is based on the global correlation order rather than on the max-
imum number of photon per sites, we have been able to efficiently calculate the
non-equilibrium steady state and to estimate the expectation values of the relevant
observables.
We have shown that, when the driving is at resonance with the flat energy band,
the occupation of multi-photon states strongly affects the properties of the dark sites.
These latter, indeed, show an additional photonic population with strong correla-
tions, even in regimes of weak photon-photon interaction. These correlation effects
are strongly reduced in presence of a disorder on the cavity frequencies, but seem
insensitive to a disorder on the coupling between different sites.
Acknowledgements
We acknowledge financial support from ERC, through the Consolidator Grant ”COR-
PHO” (No. 616233).
References
1. I. Bloch, J. Dalibard, and W. Zwerger Rev. Mod. Phys. 80, (2008) 885
2. M. Greiner, O. Mandel, T. Esslinger, T.W. Hansch and I. Bloch, Nature 415, (2002) 39
3. K. Nakada, M. Fujita, G. Dresselhaus and M. S. Dresselhaus Phys. Rev. B 54, (1996)
4. A. P. Ramirez, Ann. Rev. Mater. Sci., 24 (1994) 453
5. A. P. Schnyder and S. Ryu, Phys. Rev. B 84, (2011) 060504(R)
6. D. J. P. Morris, D. A. Tennant, S. A. Grigera, B. Klemke, C. Castelnovo, R. Moessner, C.
Czternasty, M. Meissner, K. C. Rule, J.-U. Hoffmann, K. Kiefer, S. Gerischer, D. Slobinsky,
and R. S. Perry, Science 326, (2009) 411
7. C. Nisoli, R. Moessner, and P. Schiffer, Rev. Mod. Phys. 85, (2013) 1473 (2013)
8. T. Neupert, L. Santos, C. Chamon, and C. Mudry, Phys. Rev. Lett. 106, (2011) 236804
9. E. J. Bergholtz and Z. Liu, Int. J. Mod. Phys. B 27, (2013) 1330017
10. S. A. Parameswaran, R. Roy, and S. L. Sondhi, C. R. Phys. 14, (2013) 816
11. R. De-Picciotto, M. Reznikov, M. Heiblum, V. Umansky, G. Bunin, and D. Mahalu,
Nature 389, (1997) 162
12. E. Tang, J.-W. Mei, and X.-G. Wen, Phys. Rev. Lett. 106, (2011) 236802
13. A. Petrescu, A. A. Houck, and K. Le Hur, Phys. Rev. A 86, (2012) 053804
14. M. Sigrist and T. M. Rice, Rev. Mod. Phys. 67, (1995) 503
10
15. M. V. Feigelman, L. B. Ioffe, V. B. Geshkenbein, P. Dayal, and G. Blatter, Phys. Rev.
B 70, (2004) 224524
16. C. Wu, D. Bergman, L. Balents, and S. Das Sarma, Phys. Rev. Lett. 99, (2007) 070401
17. S. D. Huber and E. Altman, Phys. Rev. B 82, (2010) 184502
18. V. Apaja, M. Hyrks, and M. Manninen, Phys. Rev. A 82, (2010) 041402
19. M. Tovmasyan, E. P. L. van Nieuwenburg, and S. D. Huber, Phys. Rev. B 88, (2013)
220510
20. M. O¨lschla¨ger, G. Wirth and A. Hemmerich, Phys. Rev. Lett. 106, (2011) 015302
21. G. Wirth, M. O¨lschla¨ger and A. Hemmerich, Nat. Phys. 7, (2011) 147
22. P. Soltan-Panahi, J. Struck, P. Hauke, A. Bick, W. Plenkers, G. Meineke, C. Becker, P.
Windpassinger, M. Lewenstein and K. Sengstock, Nat. Phys. 7, (2011) 434
23. J. Struck, C. O¨lschla¨ger, R. Le Targat, P. Soltan-Panahi, A. Eckardt, M. Lewenstein, P.
Windpassinger, K. Sengstock, Science 333, (2011) 996
24. P Soltan-Panahi, D. Lhmann, J. Struck, P. Windpassinger and K. Sengstock, Nat. Phys.
8, (2012) 71
25. L. Tarruell, D. Greif, T. Uehlinger, G. Jotzu and T. Esslinger, Nature 483, (2012) 302
26. G.-B. Jo, J. Guzman, C. K. Thomas, P. Hosur, A. Vishwanath, and D. M. Stamper-
Kurn, Phys. Rev. Lett. 108, (2012) 045305
27. P. Windpassinger and K. Sengstock, Rep. Prog. Phys. 76, (2013) 086401
28. M. Aidelsburger, M. Lohse, C. Schweizer, M. Atala, J. T. Barreiro, S. Nascimbene, N.
Cooper, I. Bloch, and N. Goldman, Nat. Phys. 11, (2015) 162
29. S. Taie, H. Ozawa, T. Ichinose, T. Nishio, S. Nakajima, and Y. Takahashi, Sci. Adv. 1,
(2015) e1500854
30. C. Weisbuch, M. Nishioka, A. Ishikawa, and Y. Arakawa, Phys. Rev. Lett. 69, (1992)
3314
31. B. Deveaud, The Physics of Semiconductor Microcavities (Wiley, New York, 2007).
32. R. J. Schoelkopf and S. M. Girvin, Nature 451, (2008) 664
33. J. Q. You and F. Nori, Nature 474, (2011) 589
34. I. Carusotto and C. Ciuti, Rev. Mod. Phys. 85, (2013) 299
35. S. Diehl, A. Micheli, A. Kantian, B. Kraus, H. P. Buchler, and P. Zoller, Nat. Phys. 4,
(2008) 878
36. D. Guzmn-Silva, C. Meja-Corts, M. A. Bandres, M. C. Rechtsman, S. Weimann, S.
Nolte, M. Segev, A. Szameit, and R. A. Vicencio, New J. Phys. 16, (2014) 063061
37. R. A. Vicencio, C. Cantillano, L. Morales-Inostroza, B. Real, C. Meja-Corts, S.
Weimann, A. Szameit, and M. I. Molina, Phys. Rev. Lett. 114, (2015) 245503
38. S. Mukherjee, A. Spracklen, D. Choudhury, N. Goldman, P. hberg, E. Andersson, and
R. R. Thomson, Phys. Rev. Lett. 114, (2015) 245504
39. F. Baboux, L. Ge, T. Jacqmin, M. Biondi, E. Galopin, A. Lematre, L. Le Gratiet, I.
Sagnes, S. Schmidt, H. E. Treci, A. Amo, and J. Bloch, Phys. Rev. Lett. 116, (2016)
066402
40. M. Biondi, E. P. L. van Nieuwenburg, G. Blatter, S. D. Huber, and S. Schmidt, Phys.
Rev. Lett. 115, (2015) 143601
41. W. Casteels, R. Rota, F. Storme and C. Ciuti, Phys. Rev A 93, (2016) 043833
42. W. Casteels, S. Finazzi, A Le Boite´, F. Storme and C. Ciuti, New J. Phys 18, (2016)
093007
43. S. Finazzi, A. Le Boite´, F. Storme, A. Baksic and C. Ciuti, Phys. Rev. Lett., 115, (2015)
080604
